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Abstract
UNESCO World Heritage Sites (WHS) are areas of outstanding universal value and
conservation importance. They are, however, threatened by a variety of global change
drivers, including biological invasions. We assessed the current status of biological
invasions and their management in 241 natural and mixed WHS globally by reviewing
documents collated by UNESCO and IUCN. We found that reports on the status of bio-
logical invasions in WHS were often irregular or inconsistent. Therefore, while some
reports were very informative, they were hard to compare because no systematic method of
reporting was followed. Our review revealed that almost 300 different invasive alien
species (IAS) were considered as a threat to just over half of all WHS. Information on IAS
management undertaken in WHS was available for fewer than half of the sites that listed
IAS as a threat. There is clearly a need for an improved monitoring and reporting system
for biological invasions in WHS and likely the same for other protected areas globally. To
address this issue, we developed a new framework to guide monitoring and reporting of
IAS in protected areas building on globally accepted standards for IAS assessments, and
tested it on seven WHS. The framework requires the collation of information and reporting
on pathways, alien species presence, impacts, and management, the estimation of future
threats and management needs, assessments of knowledge and gaps, and, using all of this
information allows for an overall threat score to be assigned to the protected area. This new
framework should help to improve monitoring of IAS in protected areas moving forward.
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Key drivers of global change are increasingly threatening the environment and areas with
high natural and cultural value (Vitousek et al. 1997; Chape et al. 2005; Brook et al. 2008;
Butchart et al. 2010; Watson et al. 2014), making the effective management of over
230,000 protected areas (PAs) globally a critical endeavour (UNEP-WCMC, IUCN and
NGS 2019). These PAs safeguard important biodiversity and scenic landscapes and pro-
vide ecosystem services, which benefit human well-being and are essential for a sustain-
able world (Naughton-Treves et al. 2005; Egoh et al. 2007).
Responding to the need for conservation of natural and cultural heritage, the World
Heritage Convention was established in the early 1970s by the United Nations Educational,
Scientific and Cultural Organisation (UNESCO 1972). As of January 2020, the Convention
recognised 1121 [869 cultural, 213 natural, and 39 mixed (cultural-natural)] areas of
‘‘Outstanding Universal Value’’ as World Heritage Sites (WHS). WHS are areas of
‘‘cultural and/or natural significance which are so exceptional as to transcend national
boundaries and to be of common importance for present and future generations of all
humanity’’ (UNESCO 2017). Natural and mixed WHS account for around 8% of terrestrial
and 6% of marine protected surface area worldwide, thus contributing significantly to
conservation globally (Strahm, 2008; Bertzky et al. 2014; Osipova et al. 2017). Similar to
other PAs, WHS vary greatly in size (from\ 20 ha to[ 40 million ha; UNEP-WCMC
and IUCN 2017); represent many different governance types (Dudley 2008); and differ in
the threats they face and their capacities for protection, management and research (Osi-
pova et al. 2017). New WHS are inscribed annually, but the WHS status can also be
revoked for two reasons: the WHS has deteriorated to the extent that it has lost those
characteristics which determined its inclusion in the World Heritage List; or there was a
lack of corrective measures to protect the intrinsic qualities of a WHS from damage by
human action (as outlined and within the time proposed by the State Party at the time of
inscription). Biological invasions are a major threat to WHS (Osiprova et al. 2017), and
can be one of many contributing factors which can lead to sites being put on a danger list
(https://www.iucn.org/theme/world-heritage/natural-sites/danger-list). For example, the
Galapagos Islands site was added to the danger list in 2007, due to the uncontrolled number
of tourists in combination with impacts from biological invasions (https://www.iucn.org/
content/galapagos-islands-added-world-heritage-danger-list).
Biological invasions are a key driver of change in the world’s PAs, including WHS
(Usher 1988; Foxcroft et al. 2013, 2017; Osipova et al. 2017; Padmanaba et al. 2017;
Bomanowska et al. 2019; Shackleton et al. 2020). Biological invasions are the process
whereby organisms are intentionally or accidentally moved by human activity from their
native ranges into new areas, and where some of these ‘alien species’ establish and spread
widely [meaning that they become invasive alien species, (IAS)], leading to negative
impacts on native biodiversity, ecosystem services and/or human well-being (Richardson
et al. 2000, 2011; IUCN 2000; Jeschke et al. 2014; see Box 1 in Supplementary file 1 for a
glossary of terms). IAS impact the values and integrity of PAs by causing the decline and
extinction of native species through a variety of mechanisms, such as predation, disease,
competition and/or hybridisation (Clavero and Garcı´a-Berthou 2005; Downey and
Richardson 2016), and by altering ecological community structure and landscape/
ecosystem function (Angassa 2005; Hejda et al. 2009; Pejchar and Mooney 2009; Vila`
et al. 2010; Eldrige et al. 2011). They can also impact human wellbeing and how people
experience these PAs (Shackleton et al. 2019). If not managed, the impacts due to existing
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IAS are expected to increase over time. Moreover, the number of IAS globally are
expected to increase both as more alien species become invasive in the future (e.g. by
exiting a lag phase), and as more alien species are introduced (Essl 2011; Bellard et al.
2016; Johnson et al. 2017; Seebens et al. 2017). Thus, the impacts and threat posed by
biological invasions continues to grow (Essl et al. 2011; Rouget et al. 2016).
According to the 2017 IUCN World Heritage Outlook assessment, biological invasions
are considered the most significant current threat, and the third most significant future
threat to WHS globally, particularly in North America and Oceania (Osipova et al. 2017).
The overall threat of biological invasions to WHS is well known (Osipova et al.
2014, 2017; Veillon 2014), but detailed global reporting on IAS and their management in
WHS is lacking, and only a small number of WHS have in-depth analyses and reports (e.g.
Bradshaw et al. 2007; Van Damme and Banfield 2011; Hernandez-Enriquez et al. 2012).
Improved knowledge about the presence and effects of IAS, and their current management,
is crucial to facilitate decision-making at the site level, and to inform wider policy and
management to maintain, or even improve, the outstanding values of WHS. The same can
be said for other forms of PAs globally (Shackleton et al. 2020).
This paper provides a detailed assessment of the presence of IAS and their threat to the
integrity of natural and mixed WHS, and to assess the implementation of IAS management
efforts in WHS. To do this, we reviewed IUCN and UNESCO documents which we found
to lack detail in monitoring and reporting. Therefore, we developed and tested a new
framework to guide monitoring, assessment, and reporting of IAS in WHS and other
protected areas. This proposed monitoring system could help track progress towards the
Convention on Biological Diversity (CBD) targets and assist in developing new global
standards and best practices for the monitoring and evaluation of biological invasions in all
PAs.
Methods
A review of existing monitoring procedures
To ensure the effective conservation of WHS, various impacts and threats are monitored.
However, while there are reports detailing the broad-scale impacts of biological invasions
and other threats (e.g. Osipova et al. 2014, 2017), in-depth analyses for each of these
threats are lacking. To provide more information on the topic, we conducted a detailed
review of documents from past UNESCO and IUCN monitoring and reporting activities.
We gathered spatial data from the World Database on Protected Areas (UNEP-WCMC
and IUCN 2017), and threat data from the IUCN World Heritage Outlook reports (Osipova
et al. 2014, 2017) for all (241) natural and mixed WHS inscribed up to June 2018.
UNESCO’s World Heritage State of Conservation Information System (https://www.whc.
unesco.org/en/soc), and the online portal of the IUCNWorld Heritage Outlook assessments
(https://www.worldheritageoutlook.iucn.org/), store information on the state of WHS, and
threats (including biological invasions) to their biodiversity and other values, and can help
to track changes in the conditions of these sites through existing monitoring and reporting
mechanisms. We reviewed the UNESCO and IUCN websites, and the documents available
or cited on those websites, to extract data on the occurrence, impacts/threats and man-
agement of biological invasions for each WHS. The reviewed documentation (hereafter
referred to as IUCN and UNESCO documents) included website summaries, periodic
reports, State of Conservation reports, reactive monitoring mission reports, and World
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Heritage Outlook assessments, as well as attached or cited scientific reports and publica-
tions. These documents are based on national monitoring mechanisms and processes, as
well as internationally driven reporting to UNESCO and the IUCN. WHS are subject to
international World Heritage monitoring and reporting processes which currently include:
(1) UNESCO’s periodic reporting to which States Parties (the countries that are parties to
the Convention) contribute on a 6-year regional cycle; (2) reactive monitoring of the ‘state
of conservation’, involving reports and missions, for sites with known issues, undertaken
by UNESCO and its technical advisory bodies (IUCN for natural sites) in cooperation with
States Parties; and (3) the independent and systematic IUCN World Heritage Outlook
assessments for all sites, implemented by IUCN on a 3-year cycle (so far completed in
2014 and 2017; Osipova et al. 2014, 2017). The IUCN and UNESCO monitoring and
reporting mechanisms have separate categories for ‘‘spreading species’’, including alien,
invasive alien, translocated native, and ‘hyper-abundant’ native. The majority of the threat
data clearly relates to alien (and more specifically invasive alien) species (sensu IUCN
2000; Richardson et al. 2011) and is the focus of this paper (see box 1 in Supplementry
file 1). We removed ‘‘native invasive species/hyper-abundant native species’’ from the
analysis and only focused on alien species.
These above-mentioned sources were reviewed for each of the 241 WHS, by reading
through each dedicated website or document. For each WHS, we extracted data on the
listing and reporting of alien species, threats and impacts of IAS, and information on the
management of biological invasions. We compiled data on the number of alien species
present at each site (either mentioned as a total number and/or each species listed as
present in the WHS), noted IAS specifically named in the reports (lists of species),
compiled information provided on threats (qualitative descriptions of impacts or citations
of other work), and mention of IAS management for the WHS (yes, no or unknown). If
management programmes were indicated, we collected further data on control approaches
and methods used [preventative measures, eradication attempts, impact reduction or
containment attempts, as well as the control techniques being used, including physical,
biological, chemical, cultural, utilisation or integrated control (i.e. the use of multiple
approaches) and evidence of a strategic plan (yes, no or unknown)].
Development of a monitoring and reporting framework.
The review of these IUCN and UNESCO documents yielded limited information on the
presence, threat, and management of IAS within WHS, despite being a part of a com-
prehensive monitoring strategy. Reporting was irregular and/or incomparable. This is
probably because of the lack of a detailed, comprehensive, and standardised monitoring
and reporting framework, which is likely to be the case for all categories of PAs globally.
We, therefore, developed a framework to improve monitoring and reporting and used
seven case studies to test it. This framework combined the approaches of the IUCN World
Heritage Outlook for assessing management and threats of IAS to the integrity of WHS
(https://www.worldheritageoutlook.iucn.org/); CBD and IUCN for classifying introduction
pathways (Hulme et al. (2008) as expanded and adapted by the IUCN (2017); the Envi-
ronmental Impact Classification of Alien Taxa (EICAT) scheme set out in Blackburn et al.
(2014) and Hawkins et al. (2015) (currently being updated by IUCN to be published as an
official IUCN standard in 2020); and various other schemes that have developed indicators
or guidelines for monitoring biological invasions (e.g. see McGeoch et al. 2010; Latombe
et al. 2017; Wilson et al. 2018).
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The framework we developed focuses on: monitoring and reporting of the current status
of biological invasions in WHS; predicting threats and management needs; and assessing
the overall threat level of the site (see Supplementary file 1 for details and instructions on
how to apply the framework). The current status relates to evaluating pathways, compiling
alien species lists, identifying and reporting key impacts caused by IAS, as well as
reporting on the status of management. The section on predictions relates to identifying
key threats and management needs that might arise in the future. The last section relates to
identifying knowledge gaps and assigning a robust and evidence-based overall rating of the
threat level posed by biological invasions to a specific site (for more details, see Sup-
plementary file 1). Test examples using the new framework, and information on how these
can be written-up, appear in Supplementary file 2. We suggest that monitoring and
reporting should be done by local experts or managers (or regional or international experts
knowledgeable about the local situation or area if local capacity is lacking). Future
implementation of the monitoring and reporting framework should be driven by state
authorities (as part of their reporting duties under the Convention for the sites on their
territory) in partnership with local actors to ensure capacity building, learning, and own-
ership, and should incorporate published literature, grey literature, local research, and local
knowledge. However, external processes and experts should help to facilitate this where
needed.
The seven in-depth case studies to test the framework were applied to WHS in different
social-ecological contexts, and with different reported threat levels from IAS (Fig. 1;
Supplementary file 2). This includes sites on five continents, encompassing a range of
social and ecological settings, as well as mainland and island WHS. Three sites had
Fig. 1 Locations of the 241 natural and mixed World Heritage Sites (WHS inscribed as of early June 2018),
and the seven case studies presented in this paper. The overall threat level from invasive alien species is
based on data and categories used for the last IUCN World Heritage Outlook report (Osipova et al. 2017);
see https://worldheritageoutlook.iucn.org/more/understanding-ratings for descriptions of WHS categories
(NB: this is not based on our new framework). The case studies were Aldabra Atoll (Seychelles, tropical
island with terrestrial and marine components), Don˜ana National Park (Spain, Mediterranean biome, wet-
lands and marine components), Galapagos Islands (Ecuador, over 100 arid to sub-tropical islands with
terrestrial and marine components), Kakadu National Park (Australia, primarily savanna but including small
patches of other biomes), Keoladeo National Park (India, broadleaf forests and wetlands), Serengeti National
Park (Tanzania, savanna) and Vredefort Dome (South Africa, grasslands and savanna)
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previously been identified as having high IAS threat levels, and four sites were previously
listed as having no, low or medium threat levels. This gave us a broad range of contexts, to
test the applicability of the framework. We collated information for our case studies from
unpublished works and peer-reviewed and grey literature. In addition, many local
researchers and managers working in, or knowledgeable on, specific WHS were consulted
to obtain additional information or helped to write up the case studies.
Results
We present findings from the two components of this study: the review of past monitoring
of the threat and management of IAS in WHS, and the introduction and application of the
new monitoring and reporting framework.
A review of biological invasions and their management in World Heritage Sites
globally
The overall presence of invasive alien species in World Heritage Sites
The data from the reviewed IUCN and UNESCO documents indicated that just over half
(128; 53%) of all 241 WHS were explicitly or implicitly reported to be impacted by IAS
(Fig. 1). This includes 119 WHS that are formally listed as being threatened by IAS in the
IUCN World Heritage Outlook data, although many assessments make no further mention
of any threatening species or their impacts (Fig. 2). For another nine WHS, IUCN and
UNESCO documents mention the occurrence of known high impact IAS within their
borders (e.g. Dreissena polymorpha, Lantana camara, Opuntia spp., Prosopis juliflora, and
Sus scrofa), although IAS are not formally listed as a threat to these sites, suggesting
inconsistency in reporting and threat categorisation.
For those WHS that formally listed IAS as a threat (119 WHS), * 80% explicitly


















Number of invasive alien species specifically menoned
Fig. 2 Number of alien and/or invasive alien species specifically mentioned per natural and mixed World
Heritage Site for those sites explicitly listed as being threatened by IAS (119 of 241) in the last World
Heritage Outlook report (Osipova et al. 2017). This information was extracted from IUCN World Heritage
Outlook data and the reviewed IUCN and UNESCO documents
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species. Of those that mentioned IAS, just over a third listed only one species. Only 22
WHS specifically reported more than five alien or invasive species, of which only three
sites named more than 20: Namib Sand Sea (Namibia) with 27, Gondwana Rainforests
(Australia) and Socotra Archipelago (Yemen) with 24 each, athough the numbers for
Socotra might be an overestiamte. Based on similar research from other PAs, if fewer than
five species are reported to pose major threats it is likely due to under-reporting (Shack-
leton et al. 2020). Only seven WHS reported estimates of the total number of alien species
occurring within their boundaries, which ranged from over 500 (Wet Tropics of Queens-
land in Australia), to 52 (Wadden Sea in Denmark, Germany and the Netherlands,—of
which six are highly threatening).
Invasive alien species and their impacts mentioned in World Heritage Sites
In total, 290 different species/taxa were identified in the UNESCO and IUCN documents
that were reviewed for all 241 WHS. These invasive taxa represented several different
functional groups (Fig. 1 in Supplementary file 3). The most commonly reported functional
group of IAS in WHS was land mammals, followed by trees, and then several other plant
groups. Reporting on other taxonomic and functional groups in WHS was low, likely
representing a common bias in research and monitoring in PAs (Shackleton et al. 2020),
despite many of these ‘‘under-represented’’ functional groups having species with high
impacts.
The three most commonly mentioned invasive alien taxa across all WHS were Rattus
spp., Felis catus and Capra hircus (Table 1 in Supplementary file 3). They have been
reported in many WHS globally, and cause severe problems for biodiversity, particularly
on islands where they have driven extinctions of native species (e.g. Donlan et al. 2007;
Duffy and Capece 2012; Dawson et al. 2014; Harper and Bunbury 2015). Sus scrofa, Mus
musculus, and Oryctolagus cuniculus are other land mammals that are commonly reported
as threats in WHS and have several major impacts on biodiversity and ecosystem function
(e.g. Koichi et al. 2013; Saunders et al. 2013; Dawson et al. 2014).
The most commonly mentioned invasive alien plant was Lantana camara (Table 1 in
Supplementry file 3), which negatively affects biodiversity and ecosystems in several
WHS (e.g. Day et al. 2003; Aravind et al. 2010; Turner and Downey 2010; Shackleton
et al. 2020). Chromolaena odorata, Eichhornia crassipes, Mimosa pigra, Prosopis juli-
flora, and Psidium guajava, which have similar impacts to L. camara, are also mentioned
as present in many WHS (e.g. Cowie and Werner 1993; Foxcroft et al. 2013; Shackleton
et al. 2020).
Other commonly listed IAS, from other taxonomic groups, with high impacts in WHS
include: Oncorhynchus mykiss, Phytophthora cinnamomi, Dreissena polymorpha and
Linepithema humile (e.g. Witt et al. 2004; Karssing et al. 2012; Rivers-Moore et al. 2013;
Scarlett 2015) (Table 1 in Supplementary file 3). Mentions of other invasive taxa, such as
birds, reptiles or amphibians, marine fish, and others were not common (Fig. 1 in Sup-
plementary file 3).
Management of biological invasions in World Heritage Sites
Reporting on the management of biological invasions within WHS was often deficient in
the UNESCO and IUCN documents that were reviewed. For 40% (48 of 119) of WHS with
IAS formally listed as a threat, no information was available, or no mention was made of
123
Biodiversity and Conservation
management, even though sites potentially have been conducting control activities
(Table 1). Only 10% (12 of 119) of WHS with IAS present indicated no control inter-
ventions (Table 1), although this is likely to be higher, as many did not provide any
information. Half of WHS with IAS listed as a threat (59 of 119 WHS) reported attempts to
control IAS. Most of these are committed to long-term control, however, some sites
mentioned opportunistic management based on funding availability.
In general, outcomes of IAS control were not elaborated on, with only 34% (20 of 59) of
WHS providing any information on the success or failure of IAS management. However,
some sites did highlight management successes (32%, or 19 of 59); and two sites men-
tioned that, despite management, the situation was getting worse (Table 1). Successes
included containment and impact reduction of IAS (e.g. Pitons Managment Area and
Kakadu), with some sites even achieving multiple eradications (e.g. Macquarie Island,
Fraser Island and Galapagos Islands). It was difficult to assess management success or
failure in some cases, as programmes were still underway (Table 1). Many WHS for which
IAS are listed as a threat, and which are managing IAS, have broad-scale and/or species-
specific IAS management plans (37%; 44 of 119), while some (12%) have informal
approaches to management with no specific plan. Information on IAS management plans
was lacking for half of the WHS with IAS (Table 1).
Only 10% of WHS (12 of 119), most of them islands, mention having biosecurity
measures in place to prevent new introductions, but details are lacking for most of these.
For control of IAS populations, physical interventions that involved cutting or digging out
plants, and shooting or trapping animals, was by far the most common approach reported.
Only nine WHS report the use of chemical control, always in combination with other
approaches. Cultural control and control through utilisation are less traditional manage-
ment techniques and are implemented in a few WHS (e.g. Keoladeo where authorities
allow villages into the site to harvest P. juliflora as a control option and fishing of invasive
Pterois volitans in the Belize Barrier Reef Reserve System). A few sites also mention the
presence of biological control agents (e.g. Galapagos, Glacier International Peace Park,
and Kakadu). The Pitons Management Area (Saint Lucia) is managing Callisia fragrans
and Tradescantia zebrina using a volunteer programme which is showing signs of reducing
spread. Some WHS have an integrated approach to management, using a combination of
control techniques and approaches to maximise management effectiveness (e.g. Kakadu)
(Paynter and Flanagan 2004).
Table 1 Evidence of attempted management and management plans for invasive alien species (IAS) in the





# % # % # % # %
IAS management attempted in WHS (n = 119) 59 50 12 10 n/a n/a 48 40
Management plan for IAS (n = 119) 44 37 14 12 n/a n/a 61 51
Management success (for those that have attempted
management, n = 59)
19 32 2 3 18 31 20 34




A new framework for monitoring and reporting the presence, impacts
and management of biological invasions in natural WHS and protected areas
Our review discussed above (e.g. Figure 2; Table 1) revealed obvious challenges to
meaningful monitoring and reporting of biological invasions and their management within
WHS, which is likely to also be a problem with other categories of PAs. Although sub-
stantial effort has been devoted to monitoring biological invasions and other threats in
WHS (Osipova et al. 2017; IUCN 2018), essential data are often no reported in the IUCN
and UNESCO databases, or it is inconsistent, or not detailed enough to be meaningful. As a
result, there is a lack of usable information on which to base detailed and robust assess-
ments of temporal changes to levels of threat or progress in the management of IAS in
WHS. We therefore propose a framework (Fig. 3) to guide holistic and standardised
monitoring and reporting of biological invasions. This will facilitate the provision of
meaningful data, which would permit better spatial and temporal analysis and compar-
isons, aiding scientific understanding as well as policy and management development and
implementation in PAs globally.
The newly proposed monitoring and reporting framework
The framework comprises three key components relating to: monitoring and reporting on
the current status of biological invasions and their management; predictions regarding
future threats and management needs; and an assessment which culminates in assigning an
overall threat score for the site based on the availability and status of knowledge from the
preceding components of the framework (Fig. 3).
The first step of the process is to identify the current status of biological invasions and
their management (see Supplementary file 1 for more details and instructions for applying
the framework). This step focuses particularly on: (1) assessing pathways of introduction
using the CBD framework; (2) reporting the total number of alien species present (broken
down, if possible, into total numbers for different taxa and separating out those that are
Fig. 3 A proposed framework for monitoring and reporting on biological invasions and their management in
natural and mixed World Heritage Sites globally. The result of the process (i.e. stage 7) is that each site is
given an overall threat level (‘‘very high’’, ‘‘high’’, ‘‘moderate’’, ‘‘low’’, or ‘‘data deficient’’). Instructions on
how to implement the framework are given in Supplementary file 1, and case study examples of its
application are in Supplementary file 2
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alien vs invasive), with this information potentially based on various sources of ex situ or
in situ information; (3) listing harmful IAS and highlighting their impacts [using either
local evidence, global evidence or EICAT scores (IUCN, in press)]; and (4) an assessment
of management interventions for the site (cf. Van Wilgen and Wilson 2018). For com-
ponent (4), reporting should state whether any IAS management is in place at the site. If
yes, each approach should be commented on, including: prevention initiatives, incursion
response activities, attempts at eradication or containment, and asset protection measures.
This will include a discussion of the various control techniques used (e.g. biological,
manual, chemical control, etc.), as well as the effectiveness of the techniques and the
degree to which approaches have achieved the stated management goals. Any barriers to
management should also be identified here, and, if possible, details of budgets for control
should also be provided. For management, the collected evidence from the previous
components should be evaluated, and an overall management status should be assigned to
the site: highly effective, effective, some concern, serious concern, or data deficient
(Table 2).
Following the first step of the framework, which assesses current status (components
1–4), the next component (5) relates to predictions and assesses future threats posed by
biological invasions and likely future management needs. This includes identifying and
listing alien species that are likely to be introduced in the future or that are present and
likely to increases in abundance and extent; highlighting potential future impacts; and
identifying and listing future management needs. This can draw on various data and
approaches, including suitability models and expert opinion. Components 1–5 should also
include expert assessments of trends over time for each of these factors (i.e. for component
3: the assessor should indicate whether they believe that the overall impacts of IAS in the
site are: increasing, decreasing, stable, or unknown over time).
The final part of the framework relates to assessment. The first part, component (6),
deliberates on the status of knowledge and assesses the level of confidence in the infor-
mation provided in components 1–5 ranking them as either high, moderate, low or data
deficient. The second part, component (7), draws on all the proceeding information to
assign an overall threat level (very high threat, high threat, moderate threat, low threat





Successful management is reducing the overall threat and impact of biological invasions
and ensures the values and integrity of the site in the long term. There is a guarantee of
adequate and sustained funding for management and management implementation
Effective Management has reduced the threat and impacts of most IAS but more effort is needed to
ensure the values and integrity of the site, in the long term. Funding for management in
the long run is almost certain and adequate
Some
concern
Management is taking place but is not effectively reducing the threat and impact of IAS—
this could affect the values and integrity of the site in the long term—adaptive
management could potentially improve the situation. There is funding but it might not be
adequate or sustained in the long run
Serious
concern
No management interventions in place, or management interventions are not reducing the
threat and impact (spread) of IAS and the values and integrity of the site are in jeopardy in
the future. There is no funding for management
Data deficient No information available
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or data deficient) for the site (Table 3). More in-depth details and guidelines on how to
apply the framework appear in the supplementary material (Supplementary file1).
Application of the newly proposed framework at seven World Heritage Sites
Using the seven case studies with highly different social–ecological settings, we highlight
the value of the new framework to allow for improved reporting of PAs. Detailed write-ups
for each WHS after applying the framework (Fig. 3) are provided in the Supplementary
file 2.
Applying the framework has yielded more information than past monitoring initiatives.
For example, the IAS threat level indicated in the 2017 IUCN World Heritage Outlook for
the Serengeti, Keoladeo, Don˜ana, and the Vredefort Dome sites was ‘‘data deficient’’ or
‘‘low threat’’ or ‘‘not listed’’, whereas all of these WHS are now categorised as facing
moderate to high threats from biological invasions based on our assessment informed by
the framework (Table 4: Supplementary file 2).
Serious threats as a result of IAS were reported for some sites in the IUCN and
UNESCO documents based on previous monitoring, but detailed and accurate information
was missing, for example in the case of the Galapagos Islands (Table 4). The additional
data provided for the Galapagos Islands sheds light on the threats and management of IAS
at the site and suggests a very high threat instead of a high threat as indicated in the 2017
IUCN World Heritage Outlook (Table 4). Interestingly, the application of the in-depth
framework has also highlighted some successes, where through effective management
(eradications), the overall number of IAS has decreased on Aldabra.
Application of the framework more than doubled the number of IAS reported for all
sites except for Aldabra, which has had an overall decrease in IAS through effective
eradication campaigns (Table 4). Our review also highlighted that several globally
important IAS are present in many of the case study WHS but have not yet been reported in
UNESCO and IUCN databases and documents. These include species such as Carpobrotus
edulis and Opuntia ficus-indica in Don˜ana National Park; Arundo donax, Eucalyptus spp.
Table 3 Categorisation of overall threat levels posed by biological invasions to World Heritage Sites as per
the proposed monitoring and reporting framework (Fig. 3)
Very high
threat
Invasive alien species have or are likely to induce irreversible changes to community
structure and ecosystem services with no likelihood of them returning to their original
state resulting in irreversible damage to the values and integrity of the site even with
effective management
High threat Can cause changes to community composition, substantially alter the supply of ecosystem
services and thus poses a substantial threat to the values and integrity of the site but can
be avoided or reversed with highly effective management
Moderate
threat
May cause minor changes in community composition and reduce the supply of some
ecosystem services resulting in small-scale (localised) impacts but not fundamentally
alter them. These impacts are reversible through management, or impacts will not raise
substantially without management and therefore do not post significant threats to the
values and integrity of the site
Low threat May alter individual species fitness but has limited effects on ecosystem services.
The threats posed to the values and integrity of the site are limited. Management could
remove these species altogether or absence of management would not raise the threat
posed







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































and Eichhornia crassipes in Vredefort Dome; and Lantana camara and Parthenium hys-
terophorus in Serengeti National Park. All of these taxa are amongst the 49 worst IAS in
PAs globally according to Foxcroft et al. (2017) and are threatening IAS in other WHS
(Supplementary file 2, 3). After applying the framework, further insights into management
successes and challenges were uncovered, which could be beneficial for guiding future
control. However, many sites still face challenges, which are important to acknowledge to
guide future policy and control (Table 4; Supplementary file 2).
Discussion
Natural and mixed WHS and other PAs face major and growing threats from biological
invasions (Usher 1988; Foxcroft et al. 2013, 2017; Osipova et al. 2017; Witt et al. 2017;
Liu et al. 2020; Shackleton et al. 2020) (Fig. 1; Table 4). IAS threaten the outstanding
values of PAs and WHS by impacting on biodiversity and the delivery of ecosystem
services (e.g. Garcı´a Murillo et al. 2007; Ja¨ger et al. 2009; Dawson et al. 2014; Mukherjee
et al. 2017). IAS are also a financial burden, as costs for IAS management can be extremely
high (van Wilgen et al. 2016; Shackleton et al. 2020). It is, therefore, crucial to monitor and
understand the status of biological invasions and their management in PAs.
Our research shows that although IAS are recognised as a major risk to WHS globally,
detailed knowledge and reporting on their threats and management is highly variable, and
are scarce for many sites, despite the long-term monitoring via IUCN and UNESCO
mechanisms (Fig. 2; Table 1). For example, for most WHS where IAS are listed as a threat,
little is known about which species are present, what impacts they are having, or what
interventions are being applied (Fig. 2; Table 1). This might be due to a lack of knowledge
and capacity, inconsistent reporting, and/or the lack of a standardized procedure for
reporting. To address the issues relating monitoring and reporting, we proposed a new
framework (Fig. 3; Supplementary file 1) and tested this using seven diverse case studies
(Table 4; Supplementary file 2). Recent publications highlight the importance of well-
designed monitoring and reporting procedures for IAS that facilitate comparisons over
space and time (e.g. Latombe et al. 2017; Wilson et al. 2018; Pergl et al. 2020). Stan-
dardised long-term monitoring of IAS and their management in WHS and other PAs would
help to realise the vision of robust monitoring of biological invasions globally (Latombe
et al. 2017) to guide adaptive management, aid with policy development, and improve the
understanding of invasion dynamics.
A standardised monitoring and reporting mechanism for biological invasions
in World Heritage Sites
The new seven component reporting and monitoring framework (Fig. 3) should comple-
ment the existing monitoring processes. It could also serve as a guide for future assess-
ments and reporting of IAS in all PAs globally as it draws on other widely applied schemes
such as the CBD pathway framework and the EICAT assessment framework (e.g. see
Blackburn et al. 2014; CBD 2014; Hawkins et al. 2015; Harrower et al. 2017; Osipova
et al. 2017; Wilson et al. 2018). Use of this framework would improve the consistency,
comparability and overall value of future reporting on IAS threats and management. Over
time and with further testing, the IUCN and UNESCO could adapt the framework to
develop a finer set of indicators and revise it accordingly (see Wilson et al. 2018).
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We suggest that all PAs should report on pathways of introduction to guide pre-emptive
management (Hulme 2009; Saul et al. 2007; Foxcroft et al. 2019). Pathway assessments are
lacking for most PAs but form the basis for effective biosecurity interventions and
surveillance (Colunga-Garcia et al. 2013; Toral-Granda et al. 2017) and can be very useful
to guide management and understand future impacts (Foxcroft et al. 2019). Such infor-
mation will help managers to monitor relevant areas, saving time and money. It could also
help to prevent new introductions and to monitor problematic species, which could be
quickly eradicated before they establish (Meyerson and Reaser 2002; Keller et al. 2007;
Wilson et al. 2013). For example, Hemp (2008) reports that the increased level of hiking in
the Kilimanjaro National Park has increased the introduction and spread of numerous
invasive plants. Introduction of ornamental plants in lodges and staff villages has led to
biological invasions in many PAs (Foxcroft et al. 2008). In Keoladeo, the purposeful
introduction of P. juliflora to provide provisioning services to local communities has
become a major issue (Mukherjee et al. 2017), and the same mistake was repeated more
recently by introducing Clarias gariepinus to promote aquaculture (Supplementary file 2).
The Kakadu site is threatened by natural dispersal of Rhinella marina from other areas
(Kearney et al. 2008) and Galapagos faces major challenges from stowaways and transport
contaminants (Toral-Granda et al. 2017) to a greater extent than other island protected
areas like Aldabra (Supplementary file 2). Understanding these pathways can lead to the
implementation of improved control methods, such as disinfecting hikers’ equipment and
prohibiting the planting of non-native species at lodges, disinfecting transported goods.
Similarly, anticipatory monitoring could be implemented to prevent future introductions
and spread.
Producing lists of all alien and invasive alien species present is important for man-
agement and a key target for monitoring (McGeoch et al. 2012). Such lists are baseline
indicators that track changes in threat or the implementation of effective management over
time (Fig. 3; Table 4). For example, Aldabra Atoll shows a decrease in the number of IAS
listed due to effective eradications, showing great management success. Since current
UNESCO and IUCN reporting mechanisms do not stipulate the provision of full species
lists, listing of alien species varies considerably between WHS, and many sites may still
lack the necessary data and research to generate accurate lists. A large proportion (21%) of
WHS that specifically highlighted IAS as a threat did not indicate the number of IAS
present, and many of these did not name a single IAS (Fig. 2). Lists can be derived using
in situ or ex situ information and combining several different approaches, such as literature
searches, GIS-based techniques, and ground-based surveys. Lists of IAS need to be
carefully reviewed by experts and should be standardised as much as possible (McGeoch
et al. 2012; Latombe et al. 2019; Groom et al. 2019). Funding should be made available to
conduct surveys at all under-resourced WHS to inform the reactive ‘‘state of conservation’’
assessments undertaken by UNESCO and IUCN. Other options could also be the use of
monitoring based on citizen science (Devictor et al. 2010; Mannino and Balistreri, 2018).
Several WHS already have projects on iNaturalist, such as, the Everglades National Park
in the USA (https://www.inaturalist.org/places/everglades-national-park-world-heritage-
site) and iSimangaliso Wetland Park in South Africa (https://www.inaturalist.org/places/
isimangaliso-wetland-park-world-heritage-site). Initiating such projects for all WHS would
be an important first step towards providing up-to-date and freely accessible lists that apply
standardised taxonomy, and would provide the means for flagging new incursions to allow
for rapid response.
High priority IAS (top 10 or more) and their impacts should be specifically mentioned in
the text or highlighted in some way. Scientific names, rather than common names, should
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be used. This was not common practice in previous reporting in IUCN and UNESCO
documents, where many IAS were reported using only common names which leads to
confusion in some cases. Although there is growing evidence that many IAS have major
impacts in PAs (Foxcroft et al. 2013, 2017), including WHS (e.g. see citations in
Sect. 3.1.2, and in the detailed case studies in Supplementary file 2), there is a need for
more detailed information on how biodiversity and ecosystems are affected. Very few
WHS documents provided evidence or mentioned actual impacts. Research to document
and provide objective quantification of negative impacts of invasions could be used to help
secure funding for management and therfore greatly needed. Assessments of impact can be
done by local researchers in PAs or through approaches such as impact scoring (e.g.
EICAT or SEICAT) based on global literature (Blackburn et al. 2014; Hawkins et al. 2015;
Bacher et al. 2018).
It is also important to review and provide information on past and current management
practices to assess successes and failures to inform future management planning (Shack-
leton et al. 2020). Documents for a large proportion of WHS that specifically list IAS as a
threat make no mention of management (Table 1) Knowledge and reporting on manage-
ment history is crucial for understanding changes in threat levels over time and for
assessing capacity and success rates in responding to threats (Shackleton et al. 2020).
Major successes and failures should be highlighted (Fig. 3; Supplementary files 1, 2).
Reporting should note whether management plans are in place, and the key goals of plans
should be stated. Summaries should discuss different approaches for preventive biosecurity
measures, management goals such as eradication and impact reduction, and con-
trol methods used such as biological, mechanical, chemical control and utilisation (it must
be noted that promoting utilisation can have limited effect on invasions and can be con-
troversial in PAs). Information on control plans and techniques was lacking in previous
reporting (Table 1) but useful information was collected through the new reporting
framework (see Supplementary file 2).
As part of reporting and monitoring, future issues need to be identified. This can help to
guide strategic planning of management interventions. Tools that can be used include
horizon scanning or modelling approaches, pathway analysis or simple tools to create
watch lists (Gasso et al. 2012; Faulkner et al. 2014; Roy et al. 2014; Toral-Granda et al.
2017; Witt et al. 2017). Future needs for management should also be highlighted to aid
with planning and prioritisation and helping to ensure successful control programes
(Downey 2010; van Wilgen et al. 2011; Shackleton et al. 2017; te Beest et al. 2017). When
reporting on invasions and their management, it is important that information on the status
of knowledge and uncertainty is provided to help guide future comparative analyses and
research (Wilson et al. 2018; Latombe et al. 2019). Based on a good overview of threats,
management and knowledge levels, an overall threat score can be assigned based on
clearly defined criteria (Table 3; Supplementary files 1, 2).
The seven case studies conducted using the new framework (Table 4; Supplementary
file 2) show that this proposed framework and approach is useful in guiding and stan-
dardising data collection. Application of the framework resulted in many case study WHS
changing from being listed as ‘‘data deficient or low threat’’ to being listed as having
‘‘moderate to high threat’’ levels (Table 4). Better collation of data also allows successes in
managing invasions that were not highlighted before to be uncovered, as in the case of the
Aldabra Atoll (Table 4). Like other success cases of management in PAs (te Beest et al.




Application of this framework in WHS and other PAs would help facilitate comparisons
and the sharing of best practices between sites and help to guide the allocation and
prioritisation of funding to manage IAS. Furthermore, application of the framework could
provide the basis for a freely available global information system with an inventory of IAS
threats to WHS and other PAs. This information could be included on the existing
UNESCO and IUCN websites, in the online portal for the IUCN World Heritage Outlook
assessments, or on platforms such as the Global Invasive Species Database (GISD; https://
www.iucngisd.org/gisd/) and CABI’s Invasive Species Compendium (https://www.cabi.
org/isc/). We suggest that reports could be provided every three years and the framework
could be modified as more knowledge is gained and following further testing of its
application in practice in different contexts. This would be a major step towards the vision
of robust monitoring of biological invasions globally (Latombe et al. 2017) and is greatly
needed to guide future research, policies and management pertaining to biological
invasions.
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